The nef genes of human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) are major determinants of the in vivo pathogenicity of these lentiviruses (8) . Nef plays a crucial role in the maintenance of high virus load and subsequent development of AIDS in adult macaques infected with SIV (17) or HIV/SIV chimeric viruses (2, 21, 32) . Consistent with an essential role for Nef in HIV pathogenesis, several long-term nonprogressors have been documented to be infected with nef-defective viruses (9, 20, 41, 53) . The significance of Nef in viral pathogenesis has also been highlighted in studies using a SCID-hu mouse model of HIV infection (1, 16) . Finally, transgenic mice expressing Nef have been shown to manifest a variety of hematological and immunological abnormalities (15, 25) . These in vivo findings together suggest an important role for Nef in HIV and SIV replication and the development of AIDS.
The HIV and SIV nef genes encode a 27-to 34-kDa myristoylated phosphoprotein (29) . In vitro studies have suggested a number of mechanisms by which Nef may enhance viral replication and pathogenesis in vivo. Nef downregulates cell surface levels of CD4 (3, 14, 34) , the primary HIV and SIV receptor, suggesting possible roles for Nef in preventing superinfection and promoting efficient viral budding (4, 24, 39) . Nef may also aid in immune evasion by mediating the downregulation of major histocompatibility complex class I surface expression (7, 46) . Nef, moreover, enhances viral particle infectivity (6, 35, 45, 49) and is packaged into viral cores (23) . Nef-mediated cytokine and chemokine production in T cells and macrophages, respectively, has also been suggested to promote viral replication and spread (50, 52) . As the sequence diversity between nef isolates is second only to that of the env gene and different Nef isolates possess distinct functions (30) , Nef may enhance viral replication in vivo by multiple mechanisms that may vary with cell type or allele expressed.
Nef tightly associates with a 62-kDa active protein kinase referred to as the Nef-associated kinase (Nak) (30, 42) . We have shown that Nak association is isolate dependent and that Nak is expressed in a wide variety of cell types (30) . The exact identity of Nak has remained elusive, with several lines of evidence suggesting that Nak belongs to the p21-activated kinase (Pak) family (27, 36, 43, 44) . Two recent reports have identified Nak as either Pak2 (37) or Pak1 (11). Renkema et al. used Nef from HIV type 1 (HIV-1) NL4-3 (Nef NL4-3 ) transiently expressed in 293T cells to identify Nak as Pak2 (37), while Fackler et al. expressed Nef from HIV-1 SF2 (Nef SF2 ) in Jurkat cells to identify Nak as Pak1 (11) . The latter group suggests that Nak may actually represent both of these Pak family members, with the specific interaction depending on the particular nef allele studied or the cell type used (11) . The role of Nef in mediating Nak activation has also remained contentious. While some argue that Nef mediates Nak activation (27, 44) , others suggest that Nef preferentially binds to already active Nak but does not mediate Nak activation (38) .
It is possible that subtle differences in experimental systems have led different investigators to regard two distinct activities as Nak. Pak1 (65 kDa) and Pak2 (62 kDa) are highly homologous Pak family members with common regulatory mechanisms (22) . In the inactive state, the regulatory regions of Paks interact with their catalytic domains and inhibit catalytic activity. During activation by GTP-bound Rac or CDC42, autoinhibition is relieved and the kinase achieves an open state in which the regulatory and catalytic domains no longer interact. This allows for autophosphorylation of a specific threonine residue in the catalytic domain and activates the kinase. In vitro, active Paks autophosphorylate on serine residues in the N-terminal regulatory region (22) .
In this study we used three nef alleles and a variety of cell types to investigate the identity of Nak. We also addressed whether or not Nef mediates the activation of Nak. We conclude that HIV and SIV Nefs associate with Pak2 in hematopoietic and nonhematopoietic cell lines. We also show that ectopically expressed Pak2, but not Pak1, efficiently substitutes for Nak and provide direct evidence that Nef mediates the potent activation of Pak2 and does not activate Pak1. Last, we demonstrate that Nef-activated Pak2 is found mostly in a lowabundance Nef-Pak2 complex, although a clearly detectable fraction of Pak2 is free of Nef.
MATERIALS AND METHODS
Cell lines and culture conditions. Human HuT-78, CEM, and Jurkat T cells as well as U937 and THP-1 human monocytic cells were transduced to express only the neomycin phosphotransferase gene (neo) or Nef SF2 and neo as described previously (3, 28) . Cells were cultured in RPMI 1640 medium supplemented with either 10% heat-inactivated (HuT-78) or non-heat-inactivated (CEM, Jurkat, THP-1, and U937) fetal bovine serum (HyClone, Logan, Utah), 50 IU of penicillin, 50 g of streptomycin per ml, 2 mM L-glutamine, and 1 mM sodium pyruvate. Transduced cells were selected by the addition of G418 (1.5 mg/ml) to the culture medium. 293T cells were cultured in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, 50 IU of penicillin, 50 g of streptomycin per ml, and 2 mM L-glutamine. Cell lines were maintained at 37°C in a humidified incubator with 5% CO 2 .
Plasmid expression constructs and transfections. Plasmid DNA constructs of Pak1 and Pak2 hemagglutinin epitope (HA) tagged at the amino terminus (48) were used to subclone both Paks into pcDNAI/AMP (Invitrogen). Myc-tagged CDC42 G12V cloned into pCMV6 was kindly provided by M. Cobb (13) . Alleles encoding Nef NL4-3 and SIVmac239 Nef (SNef) were also cloned into pcDNAI/ AMP. Plasmids were cotransfected into 293T cells by the calcium phosphate method as previously described (10) . Cells were harvested for analysis by Western blot and in vitro kinase assays 36 to 48 h after transfection.
Production and purification of recombinant caspase 3. Bacteria expressing six-histidine-tagged caspase 3 were generously provided by X. Wang (26) . Bacterial cultures were grown at 37°C to an optical density (A 600 ) of 0.6. Isopropyl-1-thio-␤-D-galactopyranoside was then added to a final concentration of 2 mM. After a 2-h induction, bacteria were pelleted and lysed by sonication in buffer A (20 mM HEPES-KOH [pH 7.4], 10 mM KCl, 1.0 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride). After centrifugation, supernatants were loaded on to a 2-ml nickel-Sepharose column (Qiagen) equilibrated with buffer A. The column was washed once with 10 ml of buffer A and once with 10 ml of buffer A containing 1 M NaCl and then rinsed with 10 ml of buffer A. Caspase 3 was then eluted (1-ml fractions) with buffer A containing 250 mM imidazole. Relative activity of fractions was determined using a colorimetric substrate (caspase 3 substrate I; Calbiochem).
Western blot analysis. With the one exception indicated below, HIV and SIV Nef expression was determined with sheep polyclonal anti-HIV or anti-SIV Nef serum (1:4,000 or 1:2,000 dilution, respectively), followed by horseradish peroxidase (HRP)-conjugated anti-sheep immunoglobulin G (IgG; 1:20,000; Chemicon International). Anti-HA tag (Boehringer) and anti-Myc tag (Invitrogen) mouse monoclonal antibodies followed by HRP-conjugated anti-mouse IgG (1: 10,000; Zymed) were used to detect Pak1 or Pak2 and CDC42 G12v expression, respectively. Nef Western blot analyses following immunoprecipitation with sheep polyclonal antibodies were performed using EH1 mouse monoclonal antiNef antibody (1:2,500; kindly provided by J. Hoxie) followed by HRP-conjugated anti-mouse IgG as indicated above. HRP conjugates were visualized by enhanced chemiluminescence (Amersham).
In vitro kinase assay and caspase 3 treatment. The assay for the cellular kinase activity associated with Nef was performed essentially as described by Sawai et al. (42) , modified as previously described (31) by the addition of a 1 M MgCl 2 wash prior to the kinase assay. Protein content of lysates was determined by the Bio-Rad protein assay. Immunoprecipitations were performed with anti-Nef (5 l of sheep polyclonal antibody per 300 g of lysate) or anti-HA (1.6 g of mouse monoclonal antibody per 300 g lysate) antibody. All lanes represent immunoprecipitates from 250 to 300 g of cell lysate unless otherwise indicated. For caspase 3 treatment experiments, 900-g aliquots of Nef-containing lysates were immunoprecipitated. Following the kinase assay, reactions were stopped with the addition EDTA to a final concentration of 33 mM. The kinase reaction mixtures were then placed on ice, and the protein A beads were washed twice with ice-cold caspase 3 buffer (50 mM HEPES [pH 7.5], 100 mM sodium chloride, 0.1% Triton X-100, 5 mM dithiothreitol, 20 mM sodium fluoride, 2 mM sodium vanadate, 20 mM ␤-glycerophosphate). During the last wash, the samples were divided into three aliquots. The immunoprecipitates were then mock treated, treated with caspase 3, or treated with caspase 3 plus the caspase 3 inhibitor ZVAD (40 M) and incubated for 30 min at 37°C. Reactions were stopped by the addition of 1.5ϫ Laemmli protein loading buffer, and the proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Dried gels were then exposed to a phosphorimager screen (Packard) or to film.
Immunodepletion experiments. Nef/Pak2-transfected cell lysates (250 g) were first immunoprecipitated with sheep anti-Nef or mouse anti-HA antibody as described above. Protein A beads were then pelleted, and supernatants were removed. After a second immunoprecipitation with the same antibody to ensure complete depletion of the immunoprecipitated protein, a third immunoprecipitation using the complementary antibody was carried out. All immunoprecipitations were carried out for 4 to 12 h at 4°C and kept on ice until used for the kinase assay. During the last wash step before the kinase assay, one-fifth of the protein A was removed and pelleted separately for direct elution into Laemmli protein loading buffer and subsequent Western blot analysis.
RESULTS
Caspase 3-catalyzed cleavage serves as a diagnostic test to differentiate between Pak1 and Pak2. Despite the extensive similarity of Pak family members, only Pak2 has a consensus caspase 3 cleavage site. Pak2 is cleaved by caspase 3 into an N-terminal 27-kDa fragment that contains most of the kinase regulatory domain and a constitutively active C-terminal 34-kDa fragment containing the catalytic domain (Fig. 1A) (40, 51) . Autophosphorylation of serine residues in the N-terminal regulatory region following activation increases the apparent molecular mass of the 27-kDa fragment generated during caspase 3 cleavage to approximately 32 kDa (51). We confirmed that in our experimental system caspase 3 specifically cleaves Pak2 by performing in vitro kinase assays and caspase 3 treatments as described in Materials and Methods on anti-HA immunoprecipitates from 293T cells coexpressing either HA-Pak1 or HA-Pak2 and constitutively active CDC42 G12V (data not shown).
The identity of Nak as Pak2 is nef allele independent. Fackler et al. hypothesized that different nef alleles could bind preferentially to Pak1 or Pak2 (11) . To test this hypothesis, we performed transient transfections of 293T cells with the HIV NL4-3 and SF2 nef alleles, as well as with the nef allele of SIVmac239, which is functional in vivo (17) . As shown in Fig.  1B , all three Nef proteins were expressed in 293T cells as determined by Western blot analysis. In vitro protein kinase assays were then performed on Nef immunoprecipitates from extracts of cells expressing the different nef alleles. All three Nef proteins associated with Nak (Fig. 1C) . Consistent with our previous results, Nef NL4-3 associated with less Nak activity than Nef SF2 or SNef (30) . To distinguish whether the kinase autophosphorylation activity present in the immunoprecipitates corresponded to either Pak1 or Pak2, we investigated its sensitivity to caspase 3. In all three cases, the band corresponding to Nak was found to be susceptible to cleavage by caspase 3 under conditions that failed to cleave Pak1 (Fig. 1C) . The specificity of the caspase 3 digestion of Nak was further confirmed by addition of ZVAD. Addition of this inhibitor completely blocked the cleavage of Nak associated with Nef SF2 , Nef NL4-3 , and SNef (Fig. 1C) . In agreement with Renkema et al. (37) , these results demonstrate that in 293T cells, HIV-1 and SIV Nefs associate with a caspase 3-sensitive kinase, suggesting that in all three cases Nak is Pak2, not Pak1.
The identity of Nef SF2 -associated Nak is cell type independent. We also investigated the hypothesis that Nef binds Pak1 in a cell-type-dependent manner (11) . To address this question, we stably transduced three T-cell lines (CEM, HuT-78, and Jurkat) and two monocytic cell lines (U937 and THP-1) with a retrovirus vector expressing Nef SF2 , the isolate used to identify Nak as Pak1. Expression of Nef SF2 in these cell lines was analyzed by Western blotting ( Fig. 2A and C) . In vitro kinase assays confirmed that Nef associates with Nak in both T cells (Fig. 2B ) and monocytic cells (Fig. 2D) . To determine whether the active kinase bound to Nef was Pak1 or Pak2, we tested its sensitivity to caspase 3-mediated proteolysis. Our results show that Nak activity is susceptible to cleavage by caspase 3 in both cell types and that cleavage of Nak by caspase 3 is specifically inhibited by ZVAD. Thus, in three T-cell and two monocytic cell lines, the Nef SF2 -associated Nak activity is Pak2.
Ectopically expressed Pak2, but not Pak1, efficiently substitutes for Nak. To demonstrate directly that Nak is Pak1 or Pak2, 293T cells were cotransfected with expression constructs for Nef SF2 and either HA-Pak1 or HA-Pak2. Expression of Nef, HA-Pak1, and HA-Pak2 was confirmed by Western blot analysis ( Fig. 3A and B) . Cell extracts were immunoprecipitated with anti-Nef antibodies, and in vitro kinase assays were performed. Immunoprecipitates from extracts of cells expressing Nef SF2 alone showed typical Nak activity (Fig. 3C, lane 2) . Due to the presence of the HA tag, which slightly increases the size of the ectopically expressed Pak1 and Pak2, a shift in mobility would be expected if ectopic Pak1 or Pak2 could efficiently substitute for Nak. Coexpression of tagged Pak1 with Nef SF2 did not produce a shift in the apparent mobility of Nak (Fig. 3C, lane 3) . In contrast, in vitro kinase assays of extracts from cells coexpressing Pak2 and Nef SF2 consistently showed high levels of phosphorylation of a protein that migrated with a mobility slightly higher than that of endogenous Nak and that corresponded to the mobility of activated HA-tagged Pak2 (Fig. 3C, lane 4) . These results indicate that only ectopically expressed Pak2 can efficiently substitute for endogenous Nak.
Nef SF2 activates Pak2 but not Pak1. To determine whether Nef mediates the activation of Pak2 or simply binds to an already active pool of Pak2, we transfected cells with Pak expression constructs and either a control plasmid or a Nef SF2 expression plasmid. Expression of Paks and Nef SF2 was confirmed by Western blot analysis ( Fig. 4A and B) . Because we did not include an active form of p21 in the cotransfection, we were able to directly assess the effect of Nef on Pak activation by performing in vitro kinase assays on anti-HA immunoprecipitates. As expected, in the absence of Nef or CDC42 V12G , no active Pak2 was detected (Fig. 4, lane 2) . Also as expected, anti-HA immunoprecipitates of cells transfected with Nef alone did not show kinase activity (Fig. 4, lane 3) . However, in the HA-tagged immunoprecipitates, the presence of Nef clearly caused robust (Ͼ90-fold) activation of HA-tagged Pak2 (Fig. 4C, lane 4) . In contrast, the presence of Nef consistently had no significant effect on Pak1 activation (Fig. 4C, lanes 5  and 6 ). These results demonstrate the activation of Pak2 mediated by Nef, using an approach that eliminates the bias inherent to assaying only Pak2 activity bound to Nef. Moreover, the lack of activation of Pak1 by Nef further confirms that Nak is Pak2.
Nef-activated Pak2 is found mostly in a Nef-Pak2 complex, but a fraction of active Pak2 is not bound to Nef. We sought to investigate if all of the Nef-activated Pak2 is found associated with Nef. 293T cells were transfected with control plasmids or cotransfected with Nef SF2 and Pak2 expression plasmids, and expression was confirmed by Western blot analysis (Fig. 5A) . Successive immunodepletions followed by in vitro kinase assays were then performed to determine if anti-Nef antibodies could deplete all of the active HA-Pak2 (Fig. 5B, top) . In addition, during the last wash of the protein A beads before the in vitro kinase assay, one-fifth of the beads were removed. The presence of Nef in these samples was then assessed by Western blot analysis (Fig. 5B, bottom) . In vitro kinase assays performed on anti-Nef immunoprecipitates from cotransfected cells produced not only the expected activity corresponding mostly to HA-Pak2 but also some endogenous Pak2 (Fig. 5B,  lane 2, top) . A second immunoprecipitation of the supernatant with anti-Nef antibodies confirmed the near-complete depletion of Nef-bound active Pak2 as well as Nef (Fig. 5B, lane 3 Positions of Nak and its 32-kDa cleavage product (p27) are indicated on the right. Lanes 1 and 8, samples from 293T cells transfected with control (empty) expression plasmid; lanes 2 to 4, 5 to 7, and 9 to 11, samples from 293T cells transfected with plasmids expressing Nef SF2 , Nef NL4-3 , and SNef, respectively. Samples in lanes 3, 6, and 10 were treated with caspase 3 following the kinase assay; samples in lanes 4, 7, and 11 were treated with caspase 3 in the presence of the inhibitor ZVAD.
4, top)
. These results indicate that active Pak2 is found both free of and bound to Nef, although the majority of the activity associates with Nef. Anti-HA immunoprecipitation of lysates from cells coexpressing Nef and Pak2 effectively depletes the HA-Pak2 activity (Fig. 5B, lanes 7 and 8) . The anti-Nef immunoprecipitate of the resulting supernatant contains a residual amount of mostly endogenous Pak2 activity (Fig. 5B, lane 9) , clearly showing that anti-HA immunoprecipitation depletes the majority of the Nef-associated Pak2 activity found in lysates of cotransfected cells. In contrast, all of the detectable Nef remained in the supernatant (Fig. 5B, lanes 7 to 9, bottom) . Thus, relative to total Nef expression, the Nef-Pak2 complex is of extremely low abundance even when Pak2 is overexpressed, indicating the complex contains other limiting factors necessary for Pak2 association.
DISCUSSION
In this report we address two controversial issues regarding Nak, the active cellular kinase associated with HIV and SIV Nef. Both Pak1 and Pak2 have been previously identified as Nak (11, 27, 36, 37) , and the ability of Nef to activate Nak has remained unclear (27, 38, 44) . Here, we provide evidence that Nak is Pak2 and that Nef mediates robust activation of Pak2 but not Pak1. The high degree of structural similarity among the Pak family members is likely the cause of discrepancies regarding the identity of Nak. Commercial antibodies used to identify Nak as Pak1 have indeed been demonstrated to be cross-reactive with Pak2 (37) . Peptide inhibitors of Pak1 have also been used to identify Nak as Pak1 (11) . While it has been argued, based on sequence comparison, that these peptides specifically inhibit Pak1, no experimental evidence to support this claim has been offered. Given the extensive homology of the Pak1 and Pak2 catalytic domains, it is likely that these peptide inhibitors effectively inhibit the kinase activity of both proteins. In light of the extensive homology between Pak1 and Pak2, moreover, it may well be that under certain in vitro conditions, both proteins associate with Nef. However, our results show that Nef does not mediate Pak1 activation in a cellular context, even when Pak1 is overexpressed.
An important difference between our results and those of Renkema et al. (37) , who also identify Nak as Pak2, is that we did not require the coexpression of a constitutively active form of a p21 GTP binding protein such as Rac1 or CDC42 to observe robust Nak activity. The most likely explanation for this difference is allelic variation between Nef NL4-3 , used by Renkema et al., and the Nef SF2 used for most of our experiments. We confirmed our previous observation that in the presence of similar amounts of Nef, Nef SF2 produces significantly greater Nak activity than Nef NL4-3 (30) . Activation of endogenous Pak2 by CDC42 G12V could have certainly facilitated the detection of active Pak2 in their experiments, but there is also the possibility that the activity observed was distinct from that found in the absence of activated p21. The work presented here, however, precludes that possibility. The absence of a constitutively active p21 in our experiments, furthermore, allowed us to directly demonstrate that Nef mediates Pak2 activation.
This work as well as other reports suggest a possible mechanism of Nef-mediated Pak2 activation. As Pak2 does not contain an SH3 domain, reports that the Nef SH3 binding domain is critical for Nak activity suggest that at least one other SH3 domain-containing protein might play an essential role in mediating Pak2 activation by Nef (19, 33) . This hypothesis is consistent with our observation that the Nef-Pak2 complex is of low abundance even when Pak2 is overexpressed, suggesting that at least one other limiting cellular factor is important for Nef-mediated Pak activation. One study has indicated that the SH3 domain-containing protein may be Vav (12) , while others propose that it is PIX (5). Both of these candidates have guanine nucleotide exchange activity toward p21 GTP binding proteins, which in the GTP-bound state could bind to the Pak2 GTPase binding domain and serve as the final effectors in Nef-mediated Pak2 activation. Thus, Nef may coordinate the formation of a complex comprising an SH3 domain-containing guanine nucleotide exchange factor, a p21, and Pak2. As we show here that a small fraction of active Pak2 is not bound to Nef, activated Pak2 may then leave the complex before inactivation occurs. To our knowledge, there is no report of an endogenous activator of full-length Pak2 that does not also activate Pak1. Thus, Nef must either specifically recruit Pak2 to the activation complex or exploit an undescribed endogenous activation factor that acts on only Pak2. Identification of remaining factors in the Nef-Pak2 complex as well as mutational analysis of Pak2 regulatory domains will further elucidate the molecular mechanism of Pak2 activation by Nef.
In vivo studies have clearly demonstrated the importance of Nef in virus replication and pathogenesis. The role of Pak2 in mediating Nef function, however, is not yet understood. Disease progression in macaques has correlated with reversion of Nef to a Nak activity-producing phenotype (18) . A number of functions of Pak2 have been described, including the regula- tion of cellular motility and morphology, apoptosis, and mitogen-activated protein kinase signaling cascades (22, 47) . Pak2 could potentially play an additional role in mediating Nef function. Elucidation of the actual role of Nef-mediated Pak2 activation will be facilitated by studies using specific inhibitors of Pak2 or cells with Pak2 null backgrounds. In this study, we focused on conclusively identifying the functionally defined Nak protein and investigating whether Nef mediates Nak activation. Based on our results, we propose that the 62-kDa active protein kinase that is bound to Nef be designated Pak2, rather than Nak or Pak1/2, and conclude that Nef specifically activates Pak2. This information will aid in future studies on the role of Nef-mediated activation of Pak2 in vivo and in the design of drugs that target this function of Nef.
